The cardiotoxicity of doxorubicin limits its clinical use in the treatment of a variety of malignancies. Previous studies suggest that doxorubicin-associated cardiotoxicity is mediated by reactive oxygen species (ROS)-induced apoptosis. We therefore investigated if baicalein, a natural antioxidant component of Scutellaria baicalensis, could attenuate ROS generation and cell death induced by doxorubicin. Using an established chick cardiomyocyte model, doxorubicin (10 μM) increased cell death in a concentration-and time-dependent manner. ROS generation was increased in a dose-response fashion and associated with loss of mitochondrial membrane potential. Doxorubicin also augmented DNA fragmentation and increased the phosphorylation of ROS-sensitive pro-apoptotic kinase c-Jun N-terminal kinase (JNK). Adjunct treatment of baicalein (25 μM) and doxorubicin for 24 h significantly reduced both ROS generation (587 ± 89 a.u. vs. 932 a.u. ± 121 a.u., P < 0.01) and cell death (30.6 ± 5.1% vs. 46.8 ± 8.3%, P < 0.01). The dissipated mitochondrial potential and increased DNA fragmentation were also ameliorated. Along with the reduction of ROS and apoptosis, baicalein attenuated phosphorylation of JNK induced by doxorubicin (1.7 ± 0.3 vs. 3.0 ± 0.4 fold, P < 0.05). Co-treatment of cardiomyocytes with doxorubicin and JNK inhibitor SP600125 (10 μM; 24 h) reduced JNK phosphorylation and enhanced cell survival, suggesting that the baicalein protection against doxorubicin cardiotoxicity was mediated by JNK activation. Importantly, concurrent baicalein treatment did not interfere with the anti-proliferative effects of doxorubicin in human breast cancer MCF-7 cells. In conclusion,
INTRODUCTION
Doxorubicin is an effective anthracycline chemotherapeutic agent for a variety of solid tumors and hematologic diseases. Its clinical application, however, is restricted by its cardiotoxicity. Myocardial damage occurs concurrently with doxorubicin use and becomes clinically significant if the cumulative dose exceeds 550 mg/m 2 . This threshold of cardiotoxicity is lower in patients with underlying heart disease. The associated cardiomyopathy and congestive heart failure limit the potential cycles of chemotherapy possible and decreases patient quality of life. Therefore, adjunct treatments that minimize doxorubicin cardiotoxicity while preserving its anti-proliferative effects are needed.
It is likely that doxorubicin-induced cardiotoxicity is mediated by mitochondrial reactive oxygen species (ROS), with resulting mitochondrial injury and apoptotic cell death [Clementi et al., 2003; Green and Leeuwenburgh 2002; Lee et al., 1991; Rajagopalan et al., 1988] . In addition, the ROS-dependent c-Jun N-terminal kinase (JNK) contributes to doxorubicin-induced apoptosis [Aroui et al., Mansat-de Mas et al., 1999; Yamamoto et al., 2008; Panaretakis et al., 2005] . Herbal antioxidants contain polyphenolic flavonoids with both antioxidant and anti-proliferative properties [Hwang et al., 2004; Wang et al., 2010] . These dual properties could make them useful adjuncts during doxorubicin chemotherapy in contrast to traditional high-potency antioxidants that have had mixed effects [Alberts et al., 1978; Antunesand and Takahashi 1999] .
In particular, baicalein (5,6,7-trihydroxy-2-phenyl-4H-1-benzopyran-4-one) is a natural flavonoid constituent derived from the root of Scutellaria baicalensis Georgi that protects against a wide spectrum of oxidative injuries [Po et al., 2002; Sadik et al., 2003 ]. Our previous studies have shown that when compared to other flavonoid compounds, baicalein is a potent antioxidant that protects cardiomyocyte against severe ischemia/reperfusion injury and contractile dysfunction due to mitochondrial ROS [Chang et al., 2006; Shao et al., 1999; Shao et al., 2002; Vanden Hoek et al., 1998; Vanden Hoek et al., 1997] . Consistent with this, work by others has compared baicalein to multiple phenolic compounds, finding it to be a highly effective inhibitor of lipid peroxidation that protects cardiomyocyte function [Psotova et al., 2004] . In addition to these antioxidant cardioprotective effects, baicalein also has anti-proliferative properties that could make it one of the more useful herbal flavonoid adjuncts for doxorubicin treatment.
Therefore, we evaluated the potential of baicalein in ameliorating doxorubicin-induced cardiotoxicity using an established cardiomyocyte model. We also investigated the impact of baicalein on the anti-proliferative effects of doxorubicin in human breast cancer MCF-7 cells.
MATERIALS AND METHODS

CHEMICALS
The following chemicals were obtained from commercial sources: doxorubicin, baicalein, SP600125, propidium iodide, digitonin and alpha-sarcomeric actin (Sigma, St. Louis, MO, USA); Dulbecco's modified Eagle's medium, trypsin, M199, fetal bovine serum, penicillin and streptomycin (Invitrogen, Grand Island, NY, USA); 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (6-carboxy-H 2 DCFDA) (Invitrogen, Carlsbad, CA, USA); 5,5′, 6,6′-tetrachloro-1,1′,3,3′-tetraethlbenzimidazole-carbocyanide iodine (JC-1) (EMD Biosciences Inc., San Diego, CA, USA); phosphorylated JNK/SAPK (p46, p54) and JNK antibodies (Cell Signaling Technologies, Denver, MA, USA); and an antibody to α-tubulin (NeoMarkers, Fremont, CA, USA).
METHODS
Cell culture-Chick cardiomyocytes were isolated from 10-day chick embryos and cultured as previously described [Vanden Hoek et al., 1997] . In brief, the hearts were removed and the ventricles were minced and enzymatically digested with 0.025% trypsin. In order to exclude non-cardiomyocytes, cells were preplated for 45 min at 37°C. The resultant cell suspensions were centrifuged and then resuspended in the culture medium (54% balanced salt solution, 40% medium 199, 6% heat-inactivated fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin). Cells were plated onto 25 mm glass coverslips at a density of 0.7 × 10 6 and incubated at 37°C. Cardiomyocyte purity was assessed by immunofluorescent staining for alpha-sarcomeric actin. All experiments were performed with 3-5 day cultured cells, by which time synchronously contracting cells could be visualized with viability exceeding 95%. The human breast carcinoma MCF-7 cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were plated and grown in Dulbecco's modified Eagle medium with 10% fetal bovine serum and 1% penicillin-streptomycin. They were fed every 2-3 days until they reached 70-80% confluence.
Video/Fluorescence microscopy-A Nikon TE 2000-U inverted phase/epifluorescent microscope was used for cell imaging. Fluorescent images were acquired from a cooled Cool-SNAP-ES camera (Photometrics, Tuscon, AZ, USA) and changes in fluorescent intensity were quantified with MetaMorph® software (Molecular Devices Corp., Downington, PA, USA).
Viability assay-Cell viability was assessed with the exclusion fluorescent dye propidium iodide (PI, 5 μM) as measured at wavelengths of 540 nm (excitation, Ex) and 590 nm (emission, Em). This dye exhibited no cytotoxicity in control cells even after a ten-hour incubation time [Vanden Hoek et al., 1998 ]. At the end of the experiment, all cells on the coverslip were permeabilized with digitonin (300 μM). PI fluorescence was measured and averaged over 3 random fields on each coverslip at selected times up to 24 h doxorubicin treatments and once after 1 h of digitonin exposure. Percentage cell death (PI uptake) was expressed as the PI fluorescence of a coverslip at selected times relative to the maximal value seen after digitonin exposure (100%). Each experiment was repeated in at least 3 different batches (i.e. isolations) of cells.
Measurement of intracellular ROS-
The probe 6-carboxy-2′, 7′-dichlorodihydrofluorescein diacetate (6-carboxy-H 2 DCFDA) was used to measure intracellular ROS. It is a non-fluorescent and cell permeable analog that is oxidized to highly fluorescent carboxy-dichlorofluorescein (carboxy-DCF) as measured at Ex 488 nm/Em 520 nm with fluorescence microscopy and expressed in arbitrary units (a.u.) . This carboxylated form is more permeant and less subject to photo-oxidation than the classic H 2 DCFDA. Before the measurement, the medium was changed to phenol red-free M199 with Earle's salts. Cells were incubated with carboxy-H 2 DCFDA (1 μM) at 37°C for 15 min, washed with PBS.
Lactate dehydrogenase release-Release of lactate dehydrogenase (LDH) into the culture medium was assessed by spectrophotometric measurement using a LDH-cytotoxicity assay kit (BioVision Inc. Mountain View, CA, USA). The values were measured by a microplate reader (Synergy HT, Bio-Tek Instruments, Winooski, VT, USA) at 490 nm. LDH leakage from the cells was expressed as the percentage (%) of the total LDH activity (LDH in the medium + LDH in the cell lysates).
DNA fragmentation "laddering" assay by agarose gel electrohporesisGenomic DNA was extracted using the genomic DNA purification kit (Qiagen, Valencia, CA) as previously reported (Shao et al., 2007) . Briefly, 4-5 × 10 6 chick cardiomyocytes were harvested and washed twice with cold PBS. Buffer C1 was then added to lyse the cells and preserve the nuclei. Buffer G2 with RNase A was used to lyse the nuclei and denature proteins. The RNA was further digested into smaller fragments by incubation with Qiagen protease at 50°C for 1 h. The mixture was then entered into an equilibrated Qiagen Genomic-tip. After washing and eluting, the DNA was precipitated by isopropanol and washed with ethanol. The extracted DNA (3 μg) was loaded onto a 2% agarose gel, run at 80 V for 45 min in TAE buffer and visualized with ethidium bromide using UV illumination and photographed by a LAS-3000 Imaging system (Fujifilm, Japan).
Assessment of mitochondrial membrane potential by JC-1 fluorescence-
Mitochondrial membrane potential (ΔΨm) was determined using a mitochondrial potentiometric dye JC-1 with epi-fluorescence microscopy as previously reported . JC-1 is a lipophilic and cationic dye, which partitions into healthy mitochondria and aggregates. This potential-and concentration-dependent aggregation shifts its emission to red (R). Conversely, depolarized mitochondria (loss of ΔΨm) prevent JC-1 mitochondrial entry and cause its disaggregation, resulting in diffuse green (G) emission. Cardiomyocytes incubated with JC-1 (10 μg/ml) at 37°C for 15 min were washed briefly with HBSS and mounted on the microscope (Olympus IX71, Japan) equipped with an on-stage incubator (20/20 Technologies, USA) for imaging. TRITC and FITC filter sets (Semrock, USA) were used for detecting polarized and depolarized mitochondria, respectively. JNK phosphorylation by western blot analysis-Cardiomyocytes were treated and harvested in buffer containing 1% Triton-100, 20 mM Tris, 137 mM NaCl, 2 mM EDTA, 10% glycerol, 10 mM sodium pyrophosphate, 50 mM NaF, 1 mM NaVO 3 , 200 mM PMSF, and 1x protease inhibitor cocktail. Protein concentrations were determined using the Bradford assay (Bio-Rad, Hercules, CA, USA). 30 μg protein lysates were resolved on a 10% SDS-Page gel and transferred to nitrocellulose membranes. After blocking in 5% milk/ TBST, proteins were probed with antibodies against phosphorylated (Thr183/Tyr185) JNK/ SAPK (p46, p54; Cell Signaling Technology, Danvers, MA, USA) and α-tubulin (NeoMarkers, Fremont, CA, USA), then exposed to HRP-linked goat anti-rabbit or HRPlinked goat anti-mouse (Cell Signaling Technology); finally exposed to SuperSignal (Thermol Scientific, Rockford, IL, USA) and visualized by X-ray film. Densitometry was performed using Image J software (ver 1.38, NIH).
Flow cytometric detection of doxorubicin anti-proliferative effect-MCF-7 cells were treated with doxorubicin (10 μM) with or without baicalein (25 μM) for 24 h. Four hours prior to harvest, cells were pulsed with BrdU (30 μg/ml). After trypsinization, cells were fixed with cold 70% ethanol for 5 min at −20°C, denatured by 0.1N HCl/0.7% Triton X-100 for 10 min on ice and then heated in HCl buffer (0.0032N in H 2 O). After being blocked with 0.5% Tween 20/1%BSA/PBS (PBST), cells were incubated with anti-BrdU-FITC antibody (1:20 in PBST) for 30 min on ice and washed with PBST. Cells then underwent flow cytometric analysis as previously described .
DATA ANALYSIS
A field of about 500 cells was observed for each experiment. Treatment and control groups were used in sets containing cells isolated and cultured on the same day to eliminate variability due to cell batch. Additional coverslips were used for replicate experiments ("n"). All data were presented as means ± standard error of the mean (SEM). Multiple comparisons among different treatment groups were evaluated by one-way ANOVA followed by Tukey test as post hoc analysis. Values of P < 0.05 were considered statistically significant
RESULTS
DOXORUBICIN INDUCES CARDIOMYOCYTE DEATH
Previous studies have shown that doxorubicin causes cardiotoxicity in a number of cardiomyocyte models, both in vitro and in vivo [Ikegami et al., 2007; Kim et al., 2006] . To test if doxorubicin could induce similar cytotoxic injury in the well-established chick cardiomyocyte model [Vanden Hoek et al., 1997] , cells were treated with different concentrations of doxorubicin (1, 10, 50 or 100 μM) for 24 h and cell death were measured at 3, 6, 12 and 24 h using PI analyses as described above. As shown in Fig. 1A , with increasing duration of doxorubicin treatment, cell death increased in a time-dependent manner. Significant cell death was observed within 6 h of doxorubicin (10 μM) exposure. Similarly, doxorubicin induced a dose-dependent cell death. Compared to control, the low dose (1 μM) of doxorubicin resulted in a cell death of 26.6 ± 4.6% at 24 h (n = 6, P < 0.01) while high dose (100 μM) led to 77.3 ± 3.0% cell death (n = 6, P < 0.001). These results indicate that doxorubicin induces cardiomyocyte death in a time-and dose-dependent fashion.
DOXORUBICIN INCREASES CARDIOMYOCYTE ROS GENERATION
It has been suggested that one of the major mechanisms of doxorubicin-induced cardiotoxicity involves increased ROS generation [Lee et al., 1991; Rajagopalan et al., 1988] . To test whether ROS generation in cardiomyocytes is increased by doxorubicin, we used 6-carboxy-H 2 DCFDA (1 μM) to measure intracellular oxidant generation. Fig. 1B shows that 24 h of doxorubicin treatment (1, 10, 50 or 100 μM) resulted in increased DCF fluorescence in a concentration-dependent manner. This dose-dependent ROS increase paralleled the dose-dependent increase of cell death. These results suggest that doxorubicininduced cardiotoxicity was related to excess ROS generation. Since 10 μM of doxorubicin resulted in significant ROS generation and cytotoxicity (about 45% of cell death), this concentration was used in subsequent experiments.
BAICALEIN ATTENUATES ROS GENERATION, CELL DEATH and LDH RELEASE INDUCED BY DOXORUBICIN
Our previous studies demonstrated that baicalein reduces oxidative stress as well as cell death in a chick cardiomyocyte model of ischemia-reperfusion injury [Chang et al., 2007; Shao et al., 2002] . To test whether baicalein could also attenuate the increased ROS induced by doxorubicin, cells were loaded with 6-carboxy-H 2 DCFDA (1 μM) and treated with doxorubicin (10 μM) with or without baicalein (25 μM) for 24 h. As shown in Fig. 2A , doxorubicin (10 μM) exposure resulted in increased DCF fluorescence (932 ± 121 a.u. compared to 210 ± 54 a.u. in control, P < 0.001, n = 6). Adjunct treatment with baicalein (25 μM) significantly attenuated the DCF fluorescence after doxorubicin exposure (587 ± 89 a.u., compared to the doxorubicin group, P < 0.01, n = 6), suggesting that baicalein attenuates ROS generation.
As ROS play an important role in doxorubicin cardiotoxicity, we further tested whether this ROS attenuation by baicalein could ameliorate doxorubicin-induced cytotoxicity. As seen in Fig. 2B , doxorubicin (10 μM) exposure for 24 h caused a marked increase in cell death from 8.6 ± 0.6% in control to 46.8 ± 8.3% (P < 0.001, n = 9). Treatment with baicalein (25 μM) significantly reduced cell death to 30.6 ± 5.1% compared to the doxorubicin group (P < 0.01, n = 9).
Similar results were observed in LDH release, an additional indicator of cardiomyocyte injury. Cells exposed to doxorubicin (10 μM) for 24 h demonstrated increased LDH release (59.4 ± 4.2% vs. 3.2 ± 0.4% in control, P < 0.001, n = 4; Fig. 2C ). Baicalein (25 μM) treatment in the presence of doxorubicin (10 μM) significantly reduced LDH release to 35.3 ± 5.1% compared to the doxorubicin group (P < 0.05, n = 4). These results suggest that baicalein protects cardiomyocytes from doxorubicin-induced cell death, consistent with its attenuation of ROS generation.
BAICALEIN PROTECTS AGAINST DOXORUBICIN-INDUCED APOPTOSIS
It has been reported that apoptosis plays a significant role in doxorubicin-induced cardiotoxicity [Clementi et al., 2003; Green and Leeuwenburgh 2002] . To test this, a DNA fragmentation assay was used. As seen in Fig. 3 , DNA fragmentation was increased in doxorubicin-exposed cells and was attenuated by co-treatment with baicalein (25 μM). This suggests that doxorubicin-induced cell death and baicalein protection were associated with effects on cardiomyocyte apoptosis.
BAICALEIN PREVENTS THE DISSIPATION OF MITOCHONDRIAL MEMBRANE POTENTIAL
It is reported that cell death induced by oxidative injury is generally associated with perturbation in mitochondrial function [Tan, et al., 2010] . A late manifestation is the dissipation of the mitochondrial membrane potential (ΔΨm) Xu and Ashraf 2002] . Fig. 4 is a representative image of JC-1 fluorescence in cardiomyocytes. Punctate red (R) fluorescence indicates the potential-dependent aggregation of JC-1 within polarized mitochondria in healthy cells. Diffuse green (G) fluorescence represents the monomeric form of JC-1 in the cytosol, an indicator of depolarized mitochondria in unhealthy cells. In doxorubicin-treated cells, a prominent dissipation of ΔΨm as indicated by increased green fluorescence was seen (Fig. 4 , middle) compared to control cells (Fig. 4, left) . With baicalein (25 μM) treatment by the disruption of ΔΨm induced by doxorubicin was ameliorated (Fig. 4, right) . Quantitative densitometric analysis showed that doxorubicin (10 μM) decreased the R/G ratio (1.35 ± 0.18 vs. 1.81 ± 0.20 in control, P < 0.05, n = 5). Adjunct treatment with baicalein (25 μM) reversed the R/G ratio (1.70 ± 0.25, compared to the doxorubicin group, P < 0.05, n = 5). These results suggest that baicalein-mediated cardioprotection during doxorubicin treatment is associated with preservation of mitochondrial function.
BAICALEIN SUPPRESSES JNK ACTIVATION INDUCED BY DOXORUBICIN
JNK is an important ROS-dependent signaling pathway related to the induction of apoptosis [Aroui et al., 2010] . Therefore, we examined JNK activation via phosphorylation (Thr183/ Tyr185) in cardiomyocytes exposed to doxorubicin, and whether baicalein would inhibit this phosphorylation. As seen in Fig. 5 , after doxorubicin (10 μM) exposure for 24 h, the phosphorylation of JNK (p-JNK) was increased 3.0 ± 0.4 fold compared to control (P < 0.01, n = 5). Baicalein (25 μM) treatment significantly decreased p-JNK to 1.7 ± 0.3 fold, compared to the doxorubicin cells (P < 0.05, n = 5). This result suggests that doxorubicininduced cardiotoxicity is associated with the phosphorylation of JNK and baicalein confers cardioprotection via suppressing JNK activation.
EFFECTS OF JNK INHIBITOR ON JNK ACTIVATION AND CELL DEATH INDUCED BY DOXORUBICIN
To further support the hypothesis that the JNK signaling pathway mediates the effect of baicalein against doxorubicin toxicity, a specific inhibitor of JNK, SP600125 (10 μM) was used [Bennett et al., 2001] . Results shown in Fig. 6A confirmed that co-treatment of JNK inhibitor SP600125 with doxorubicin (10 μM) attenuated p-JNK to1.5 ± 0.2 fold, compared to the doxorubicin-treated cells (2.8 ± 0.2 fold, P < 0.05, n = 3). Similarly, the treatment with baicalein (25 μM) inhibited the p-JNK to1.7 ± 0.3 fold compared to doxorubicintreated cells (P < 0.05, n = 3). Fig. 6B shows that SP600125 significantly decreased doxorubicin-induced cell death (28.0 ± 4.5%, compared to doxorubicin-treated cells 49.2 ± 4.3%, P < 0.01, n = 9). In a fashion parallel to the effects on p-JNK, adjunct use of baicalein also decreased cells death (19.4 ± 5.3%, compared to doxorubicin-treated cells). Together, these data suggest that the doxorubicin-induced cell death is mediated by JNK phosphorylation and baicalein protection exerts through inhibiting JNK activation.
EFFECT OF BAICALEIN ON ANTI-PROLIFERATIVE ACTIVITY OF DOXORUBICIN
The primary goal of doxorubicin therapy is to kill cancer cells or inhibit their proliferation. If the addition of a second drug for attenuating cardiotoxicity significantly abrogates the anti-cancer effect of doxorubicin, this would detract from the value of such adjunct treatment. There has been increased interest in developing adjunct treatments that decrease cardiac ROS generation and toxicity while maintaining its antiproliferative properties [Das et al., 2010] . To test whether baicalein adjunct treatment reduces the desired antiproliferative effect of doxorubicin, the proliferation of MCF-7 cells was determined using BrdU as an indicator of DNA synthesis. As seen in Fig. 7 , MCF-7 cells exposed to doxorubicin (10 μM) for 24 h considerably decreased BrdU-FITC staining from 52 ± 8% to 5 ± 3% (P < 0.001, n = 3). This antiproliferative effect was not diminished by adjunct treatment with baicalein (25 μM) compared to doxorubicin alone (5 ± 3% vs. 5 ± 3%, P = NS, n = 3). Baicalein treatment alone had no noticeable effect on DNA synthesis (BrdU-FITC 56 ± 5% vs. 52 ± 8% in untreated control, P = NS, n = 3). These findings suggest that baicalein does not interfere with the doxorubicin anti-proliferative activity.
DISCUSSION
The present study demonstrated that doxorubicin-induced cardiotoxicity is associated with increased ROS generation leading to the mitochondrial dysfunction and both necrotic (i.e. LDH release, PI uptake) and apoptotic (i.e. JNK activation, DNA laddering) cell death. This study is one of the first to suggest that baicalein can protect against the doxorubicin-induced cardiotoxicity without affecting the anti-proliferative effects of doxorubicin in breast cancer cells. In addition, this work suggests that cardioprotection by baicalein is related to the suppression of doxorubicin-induced JNK activation and supports a possible role for baicalein as a unique adjunct agent in the doxorubicin treatment.
BAICALEIN AND DOXORUBICIN CARDIOTOXICITY MEDIATED BY ROS
Our results showed that doxorubicin treatment for 24 h increased both ROS generation and cell death in a dose-response fashion. Work by others has shown that doxorubicin-induced ROS originate primarily within the mitochondria [Green and Leeuwenburgh 2002; Rajagopalan et al., 1988] and is consistent with our own work showing that doxorubicin exposure causes the loss of mitochondrial membrane potential. Our finding that doxorubicin increased both cell membrane permeability and DNA laddering is consistent with previous studies demonstrating that doxorubicin induced both necrotic and apoptotic cell death, a pattern of death that can result from mitochondrial injury [Fisher et al., 2005; Li et al., 2006; Lim et al., 2004] . Baicalein, a natural herbal constituent, has been shown to protect against oxidative injuries in both in vitro and in vivo studies [Tu et al., 2008; Zhang et al., 2009] . Consistent with our prior work and that of others [Chang et al., 2007; Liu et al., 2008; Shao et al., 2002] , the current study demonstrated that baicalein attenuated ROS and reduced DNA fragmentation and cell death. The reduction in ROS is likely due to the superoxide and hydroxyl radical scavenging properties of baicalein [Chang et al., 2007; Rice-Evans et al., 1996] in addition to its unique properties as an iron chelator that prevent hydroxyl radical formation via the Fenton reaction [Fenton 1984] . Baicalein may act also as a lipoxygenase inhibitor that prevents mitochondrial membrane depolarization [Deschamps et al., 2006; Lapchak et al., 2007; Haworth et al., 2010] .
Mitochondria have been shown to play a critical role in apoptosis. Being a major intracellular source of ROS generation in response to various stimuli, mitochondria can be damaged by excess ROS that resulted in dissipation of mitochondrial membrane potential and mitochondrial dysfunction Xu and Ashraf, 2002] . Few studies have reported whether baicalein protects against loss of mitochondrial membrane potential in the context of doxorubicin exposure. Our study first showed that adjunct treatment with baicalein attenuated the doxorubicin-induced dissipation of mitochondrial membrane potential. Mitochondrial preservation may occur via the attenuation of JNK activation and decrease of related cytochrome c release, and loss of mitochondrial membrane potential [Clementi et al., 2003; Mikami et al., 2006 , Tan et al., 2010 . However, little work has been done to evaluate the cardioprotective effect of baicalein on MAPK signaling and the antiproliferative properties of doxorubicin in cardiomyocytes (see below).
BAICALEIN AND JNK ACTIVATION
JNK was implicated as a key player in doxorubicin-induced apoptotic cascade. [Panaretakis, et al., 2005] . Our study demonstrates that doxorubicin-induced ROS generation and apoptotic cell death in cardiomyocytes is also associated with JNK activation. This is consistent with reports by others showing that ROS induced by doxorubicin can trigger apoptotic death pathways including the MAPK pathway JNK [Mikami et al., 2006; Spallarossa et al., 2006] . This connection between ROS and JNK activation is supported by our results showing that baicalein reduced both ROS generation and the activation of JNK as well as DNA fragmentation. We demonstrated that administration of the novel, potent and selective JNK inhibitor SP600125 with doxorubicin diminished the phosphorylation of JNK, correlating with enhanced cardioprotection. The inhibition of JNK by baicalein is consistent with recent reports in other cell types showing that baicalein suppressed MAPK pathway activation . However, unlike the latter study, which was performed in breast carcinoma cells, our additional experiments examining phosphorylation of the kinase p38, did not demonstrate any activity of baicalein on this kinase in the cardiomyocyte model (not shown). Furthermore, the latter study did not examine the relationship of baicalein-mediated effects to ROS generation.
BAICALEIN AND THE ANTIPROLIFERATIVE PROPERTIES OF DOXORUBICIN
The antioxidant effects of baicalein that protect the heart could potentially interfere with doxorubicin anti-proliferative effect mediated by oxidative DNA damage and lipid peroxidation [Singal et al., 2000] . Our work is the first to show that baicalein has a potent cardioprotective effect without affecting the anti-proliferative effect of doxorubicin in MCF-7 cells. The existence of such adjunct agents is supported by recent report that sildenafil can decrease cardiac oxidant generation and maintain doxorubicin anti-neoplastic effects in prostate cancer cells [Das et al., 2010] . Our results extend the work of Das et al by applying a flavonoid adjunct agent commonly used as a traditional medicine in breast cancer cells. These dual properties of baicalein (i.e. cardioprotection with preserved anti-neoplastic effect) require further investigation. However, there are a number of anti-proliferative mechanisms of baicalein action including MAPK pathway inhibition, that have recently been described Yamamoto et al., 2008; Zhou et al., 2009 ].
In conclusion, doxorubicin cardiotoxicity is induced by increased intracellular ROS generation that is associated with mitochondrial dysfunction and triggering of apoptotic pathways via JNK activation. Concurrent use of baicalein with doxorubicin not only attenuates ROS generation and mitochondrial dysfunction, but it suppresses JNK phosphorylation/activation and reduces subsequent apoptotic cardiomyocyte death. Perhaps most importantly, this adjunct treatment does not compromise the anti-cancer effects of doxorubicin. Given that baicalein has been used clinically as an alternative medicine for centuries, it may be a useful adjunctive therapy for patients undergoing doxorubicin-based chemotherapy, especially in those with preexisting cardiomyopathy or heart failure. Doxorubicin-induced cell death and ROS generation in cardiomyocytes. A. Treatment with doxorubicin (Dox) 1, 10, 50 or 100 μM induced a dose-and time-dependent cell death as assessed by PI uptake (*P < 0.01, **P < 0.001 vs. untreated cells). B. Treatment with doxorubicin 1, 10, 50 or 100 μM for 24 h resulted in a dose-dependent ROS generation as measured by DCF fluorescence ( # P < 0.05, *P < 0.01, **P < 0.001 vs. untreated cells). Data were presented as means ± SEM. Baicalein attenuated doxorubicin-induced ROS generation, cell death and LDN release in cardiomyocytes. A. Doxorubicin (10 μM) treatment for 24 h increased DCF fluorescence (**P < 0.001 vs. untreated cells). Adjunct treatment with baicalein (25 μM) significantly attenuated the DCF fluorescence (*P < 0.01 vs. doxorubicin-treated cells). B. Doxorubicin (10 μM) treatment for 24 h increased cell death (**P < 0.001 vs. untreated cells). Cotreatment with baicalein (25 μM) markedly reduced the cell death (*P < 0.01 vs. doxorubicin-treated cells). C. Doxorubicin (10 μM) treatment for 24 h increased LDH release (**P < 0.001 vs. untreated cells). Baicalein (25 μM) co-treatment significantly decreased LDH release ( # P < 0.05 vs. doxorubicin-treated cells). Data were shown as means ± SEM. The effects of JNK inhibitor SP600125 (SP) on JNK phosphorylation and cell death induced by doxorubicin. A. SP600125 inhibited doxorubicin-induced p-JNK. Co-treatment with SP6000125 (10 μM) and doxorubicin (10 μM) for 24 h attenuated the levels of p-JNK ( # P < 0.05 vs. doxorubicin-treated cells). Baicalein (25 μM) also decreased p-JNK induced by doxorubicin ( # P < 0.05 vs. doxorubicin-treated cells). Results were depicted as means ± SEM of three independent experiments. B. SP600125 reduced cell death caused by doxorubicin. Consistent with effect on JNK phosphorylation, co-treatment with SP6000125 for 24 h attenuated the cell death ( # P < 0.05 vs. doxorubicin-treated cells). Cell death was also decreased by the treatment with baicalein ( * P < 0.01 vs. doxorubicin-treated cells). Results were shown as means ± SEM. Effect of baicalein on proliferation-inhibitory activity of doxorubicin in MCF-7 cells. Upper left: Untreated cells. Lower left: Doxorubicin (10 μM) reduced BrdU-FITC-positive cells from 52 ± 8% in untreated cells to 5 ± 3% (**P < 0.001). Upper right: Baicalein alone has no effect on BrdU incorporation (56 ± 5% vs. 52 ± 8%, P = NS). Lower right: Adjunct treatment with baicalein (25 μM) did not abrogate the proliferation-inhibitory effect of doxorubicin (5 ± 3% vs. 5 ± 3% in doxorubicin-treated cells, P = NS). Data were presented as means ± SEM of three independent experiments.
